For carbon capture and storage technology to successfully contribute to climate mitigation 16 efforts, the stored CO2 must be securely isolated from the atmosphere and oceans. Hence, 17 there is a need to establish and verify monitoring techniques that can detect unplanned 18 migration of injected CO2 from a storage site to the near surface. Noble gases are sensitive 19 tracers of crustal fluid input in the subsurface due to their low concentrations and unreactive 20 nature. Several studies have identified their potential to act as tracers of deep fluid migration 21 to the shallow subsurface, but they have yet to be used in a contested situation. In January 22
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2011 it was reported extensively in global media that high CO2 concentrations in soils and 23 related groundwater pollution had been identified on a farm property belonging to the Kerr 24 family, located near to the town of Weyburn in Saskatchewan, Canada. The origin of this CO2 25 pollution was cited to be the nearby Weyburn-Midale CO2 Monitoring and Storage Project. Ne, 20 Ne, 36 Ar, 40 Ar and Kr measured in waters obtained 28 from four groundwater wells located on and surrounding the Kerr property. We aim to establish 29 if stable carbon and noble gas natural tracers are effective at determining if migration of CO2 30 from the storage project was responsible for the alleged high CO2 concentrations and water 31 pollution measured on the Kerr farm. We compare the stable carbon isotope and noble gas 32 'fingerprints' of the Kerr groundwaters to those expected in a water equilibrated with theatmosphere under local recharge conditions, the produced CO2 obtained from production 34 wells, and the CO2 injected into the Weyburn and Midale oil fields. We find that the stable 35 carbon isotope data do not constrain the origin of the dissolved CO2 in the Kerr groundwaters. 36
Due to low noble gas concentrations in the captured CO2 we are unable to completely rule out 37 the presence of 20 to 34% contribution from injected CO2 to the groundwaters surrounding the 38
Kerr property. However, we find that all of the Kerr groundwater samples exhibit noble gas 39 fingerprints that would be expected in a shallow groundwater in contact with the atmosphere 40 and hence there is no evidence for the addition of a deep radiogenic component or dilution 41
from the addition of a gas phase low in atmospheric derived noble gases. Our findings 42 corroborate previous studies that indicate that elevated CO2 concentrations found on the Kerr 43 property are almost certainly of biological origin, and not migrated from the deep subsurface. 44
The comprehensive follow up to these CO2 leakage allegations outlined in this study provides 45 a robust framework for responses to any future leakage allegations at CO2 storage sites and 46 further highlights that no single technique can categorically identify the origin of CO2 in the 47 shallow subsurface. Hence, it is essential that the full range of geochemical tracers (stable 48 carbon and 14 C isotopes, noble gases, water chemistry, process based gas ratios) are 49 integrated with a comprehensive understanding of geological and engineering data in 50 response to CO2 leakage allegations in the future. 51
Introduction 52
For Carbon Capture and Storage (CCS) technology to be routinely deployed evidence is 53 required that large volumes of CO2 can be injected into the subsurface and securely retained. 54
This evidence base can only be provided through evaluation of the containment performance 55 of both natural CO2 reservoirs (Miocic et al., 2013; Miocic et al., 2016) and through the 56 evaluation of the security of engineered CO2 storage sites (Wolaver et al., 2013) . Around the 57
There are many natural sources of CO2 within the crust with overlapping geochemical 68 signatures, including breakdown of carbonate minerals or cements, biological activity or 69 hydrocarbon oxidation (Romanak et al., 2014; Wycherley et al., 1999) . This makes it extremely 70 difficult to unequivocally detect the small releases of anthropogenic CO2 that could arise from 71 a diffuse leakage of CO2 from a storage site. Hence, there is a need to establish and verify 72 monitoring techniques that can detect any unplanned migration of CO2 from a storage site to 73 the near surface. The requirement for such leakage assessment techniques was clearly 74 demonstrated in January 2011, when landowners living near the International Energy Agency 75
Greenhouse Gas (IEAGHG) Weyburn-Midale CO2 Monitoring and Storage Project in 76 Saskatchewan, Canada, announced to international media that CO2 was leaking into the soil 77 and groundwater on their property. 78
These allegations were based on a soil gas study undertaken over the property in the summer 79 of 2010 by a geochemical consultancy, Petro-Find GeoChem Ltd. This study found that soil 80 gas CO2 concentrations averaged ~2.3%, and recorded a soil gas anomaly of ~11% measured 81 in the northern portion of the property (Lafleur, 2010) . Petro-Find attributed the source of this 82 soil gas anomaly to the CO2 injected into the nearby Weyburn-Midale CO2-EOR field based 83 on the measured range of stable carbon isotope ratios (δ Whilst this went some way to addressing the public fears that the CO2 leakage allegations 94 raised, there was a clear need for both the fledgling CO2 storage industry and the local 95 community to have the allegations independently investigated in order to establish if there was 96 any validity to them. 97
Following the allegations, three separately funded, and independently conducted 98 investigations were launched. The first of these was undertaken by European scientists who 99 had completed 10 years of near-surface monitoring at the nearby Weyburn-Midale CO2 EOR 100 field (Beaubien et al., 2013 Ne, Ne, Ar and Kr) from waters obtained from four groundwater wells located 120 on and surrounding the Kerr property. We compare these measurements to the geochemical 121 fingerprints expected in a water equilibrated with the atmosphere and those measured in the 122 injected CO2 and fluids produced from the Weyburn CO2-EOR reservoir. We use this 123 comparison to assess the role that inherent stable C isotopes and noble gas fingerprints can 124 play in evaluating the validity of the allegations of leakage on the Kerr property. at depths in excess of a 100 m to the shallow subsurface has yet to be fully quantified (Mayer 134 et al., 2015) . CO2, for example, is both highly soluble and reactive in shallow systems (e.g. gases. This is due to the low solubility of helium in water which results in a baseline 180 concentration which is two orders of magnitude lower than the expected atmospheric 4 He 181 concentration in a soil gas (Mackintosh and Ballentine, 2012) . an additional means to test for the presence of a deep subsurface sourced gas that is depleted 198 in atmospheric noble gases. 199
Approach 200
We aimed to evaluate the effectiveness of δ He ratios below those of atmospheric values. We focus 216 on the Kerr groundwaters as opposed to soil gases based on the study of Mackintosh and 217
Ballentine (2012) which showed helium anomalies would be enhanced by two orders of 218 magnitude compared with soil gases as a result of the low solubility of helium in water. 219
Methods 220
Sample collection was undertaken over a period of three days in late June 2011, some 11 221 months following the soil gas sampling undertaken in the previous summer on which the 222 leakage allegations were based (Lafleur, 2010) . Samples of injected CO2 were collected from 223 a the sampling port of a Cenovus injection well (Well ID -101/12-04-006-13 W2/0) located 224 approximately 10 km northwest of the Kerr quarter. A sample of CO2 separated from the 225 produced reservoir fluids (produced gas, water and oil) was collected from the sampling port 226 of the flowline emerging from a Cenovus satellite processing facility located at 16-30-05-13 227 (Fig. 1) . This flowline contained produced gas separated by the first stage separation system 228 at the satellite site from the oil, gas and water collected from 14 production wells that 229 surrounded the Kerr property. Gases were collected from both the pressurised injection well 230 and the satellite processing facility flow line using a high pressure to low pressure step down 231 regulator, allowing gas collection at slightly above atmospheric pressure in 70 cm long vacuum 232 tight copper tubes held in aluminium clamps. Shallow groundwaters were collected from the 233 domestic groundwater well on the Kerr farm, two domestic groundwater wells on the adjacent 234 Thackeray farm and the IPAC No. 1 monitoring well which was drilled during the sampling 235
program. This was located as close to the maximum CO2 anomaly reported by Petro-Find as 236 possible given the underlying ground conditions required for the drilling rig (Lafleur, 2010) (Fig.  237   1) . All of the wells were of standard shallow groundwater bored type construction, drilled using 238 a rotary bucket auger and completed with PVC casing utilising a sand screen at the base. ). All other ratios are absolute values. The majority of the duplicate sample ratios and 267 concentrations are within 5 % of each other. Two sigma errors to the last significant figure are 268 reported for both gas ratios and concentrations and these may be taken as limits of detection 269 for small associated data values. 270
We report the concentrations of noble gases dissolved in water, rather than the concentrations 271 of noble gases in the headspace gas degassed from the waters. This is because the amount 272 of headspace (ie non noble gas) gases exsolved from the Kerr groundwaters was insufficient 273
to obtain high quality ratio concentrations of noble gases relative to the total exsolved gas. 274
However, the concentration of the individual noble gases degassed from the water samples 275 was sufficient for high quality analysis to be performed; hence these concentrations are 276 presented relative to the amount of water degassed. Reporting the dissolved noble gas 277 concentration in groundwaters in this manner is standard practice in shallow groundwaters 278 where small quantities of dissolved gases are present (Kipfer et al., 2002) . 279
To allow direct comparison between the different sample types, and to detect any external 280 input to the Kerr groundwaters from the Weyburn EOR operations, we calculate the noble gas 281 concentration in water that would arise from equilibrium of the noble gases within the injected 282 and produced CO2 with a shallow groundwater in the area surrounding the Kerr property. , (IPAC-CO2, 2011)) we calculate the Henry's constants using 286 empirical equations (Crovetto et al., 1982; Smith, 1985) . Under these conditions the calculated 287
Henry's constants for He, Ne, Ar, Kr and Xe are 14.12, 11.69, 3.41, 1.80 and 1.19 GPa, 288
respectively. 289
We also calculate the expected concentration and isotope ratio ranges of atmosphere-derived 290 noble gases dissolved in the groundwater, known as air-saturated water (ASW). These 291 concentrations and ratios were obtained using established solubility equilibrium techniques 292 
Noble Gas Concentrations 313

4
He concentrations exhibit marked distinctions depending on sample type (Fig. 2) water in equilibrium with produced CO2 from the Weyburn field (Table 2 ). The highest noble 329 gas concentrations are those measured in the Kerr groundwaters, which overlap with the 330 calculated ASW range (Table 1 and Fig. 2 and 3) . overlapping with the ASW range of 0.288 ± 0.007 -0.325 ± 0.01 (Fig. 4) . The injected CO2 335 exhibits a higher ratio of 12.6 ± 0.3, with the duplicate produced CO2 samples ranging from 336 1000 ± 21 to 1488 ± 31, significantly above the calculated air saturated water (ASW) range 337 (Fig. 4) . The above ASW ratios of the produced CO2 indicate an excess of ) being observed 341 in the CO2 produced from the Weyburn field (Fig. 5) . The CO2 injected into the Weyburn field 342 has a slightly higher ratio of 0.193 ± 0.001 Ra. The range observed in the Kerr groundwaters 343 of 0.880 ± 0.004 to 1.103 ± 0.006 Ra is significantly above that of the other samples (Fig. 5) . 344
Other noble gas ratios of the Kerr groundwaters are within the range expected for ASW; the 345 throughout their study, as more of the injected CO2 reaches the production wells, and a similar 374 evolution would be expected in the phase 1C region of the field. 375
Whilst it would obviously have been beneficial to undertake multiple measurements of the CO2 376 injected into and CO2 produced from the Weyburn CO2-EOR field, the above comparison 377
shows that the samples we have collected are representative of the range of CO2 injected and 378 
418
These studies highlight that δ 13 C measurements alone cannot be used as a distinctive means 419 to determine the origin of CO2 measured on the Kerr property as also outlined by a recent 420 signal to noise analysis (Risk et al., 2015) . 421
Mixing Modelling 422
Noble gases offer an additional means of pinpointing gas sources, due to the distinct deep Ne ratios of ASW would evolve through mixing with either the injected or produced 438 CO2 from the Weyburn field. As the ASW noble gas fingerprint is determined by the solubility 439 equilibration of the noble gases in contact with the atmosphere (see Methods) under the 440 local recharge conditions, ASW is the accepted standard for a shallow groundwater which is 441 uncontaminated from any other inputs (Kipfer et al., 2002) . Using these three end members, 442 mixing lines for both ratio-ratio plots and ratio-element plots can be plotted using established 443 techniques (Langmuir et al., 1978) . The direct comparison of these mixing models with the 444 Kerr groundwater noble gas composition allows resolution of the possible contribution to the 445 waters from both the injected or produced CO2. He ratio of the groundwater in the region. Hence, to account for this 458 variation we also use the higher value of 1.1 Ra as a worst case scenario for assessing the 459 portion of noble gases originating from either the CO2 produced from, or injected into, the 460
Weyburn field. 461
The three Kerr groundwaters with below ASW He ratios exhibited by 466 the produced CO2 gas sample (Fig. 4) . Using the mixing model presented allows us to resolve 467 that the Kerr groundwater with the lowest Ne ratios which are within error 483 of the calculated ASW range (Fig. 4) . 
